Phylogenetic relationships across the Tree of Life form the basis for comparing and organizing the Earth's biodiversity. In addition to providing information about the evolution of individual genes, populations, or species, phylogenetic trees are often used to study broader evolutionary patterns. In particular, the shape of phylogenetic trees (e.g., the distribution of cladogenic events across the tree) has been used to understand broad speciation and extinction patterns (Raup et al., 1973; Gould et al., 1977; Rosen, 1978; Savage, 1983; Mitter et al., 1988; Heard, 1992; Guyer and Slowinski, 1993; Mooers and Heard, 1997; Dodd et al., 1999; Good-Avila et al., 2006; Ricklefs, 2006) . The results of many studies on phylogenetic tree shape suggest that variation in the rates of speciation and extinction has played an important role in shaping the Tree of Life. However, it remains to be determined to what extent we can detect the patterns resulting from the evolutionary processes that shape trees. These patterns can be obscured by nonbiological factors that can bias (Mooers, 1995; Rannala et al., 1998; Pybus and Harvey, 2000; Huelsenbeck and Lander, 2003) , phylogenetic reconstruction methods (Heard and Mooers, 1996; Huelsenbeck and Kirkpatrick, 1996) , or phylogenetic noise Heard and Mooers, 1996; Stam, 2002) . Therefore, it is important to understand how estimates of tree shapes might be biased as a result of nonbiological factors.
Tree shape often refers to either the distribution of branching times over the tree (using measures such as the γ -statistic; Pybus and Harvey, 2000) or tree imbalance (Shao and Sokal, 1990; Kirkpatrick and Slatkin, 1993; Agapow and Purvis, 2002) . Measures of tree imbalance (the focus of this study) assess the distribution of lineages over a tree topology and quantify the degree of asymmetry among the branches. These measures are often compared to the values expected under a null model of equal speciation/extinction rates over all lineages (the equal-rates Markov model or ERM model). Using a wide range of tree imbalance measures, many studies have found that published phylogenies reconstructed from empirical data are more imbalanced than predicted under the ERM model (Guyer and Slowinski, 1991; Heard, 1992; Mooers, 1995; Holman, 2005; Blum and François, 2006 ). An alternative to the ERM null model is the proportional-to-distinguishable arrangements (PDA) model (or uniform model). Under this model, every labeled tree topology is equally likely (Rosen, 1978) . Trees generated under this model are on average more imbalanced than those generated under the ERM model, and studies have shown that the PDA model predicts more tree imbalance than what is observed in empirical phylogenies (Cunningham, 1995; Holman, 2005; Blum and François, 2006) .
Numerous researchers have found that taxon sampling has a strong influence on the accuracy of phylogenetic reconstruction methods (Hendy and Penny, 1989; Hillis, 1996 Hillis, , 1998 Graybeal, 1998; Kim, 1998; Rannala, et al., 1998; Poe and Swofford, 1999; Pollack et al., 2002; Zwickl and Hillis, 2002; Hillis et al., 2003; Poe, 2003; DeBry, 2005; Hedtke et al., 2006) . Taxon sampling also has an impact on the distribution of branching times and phylogenetic tree imbalance. Removing ingroup taxa creates longer terminal and/or internal branches compared to a phylogeny containing all extant lineages (Rannala et al., 1998; Huelsenbeck and Lander, 2003) . In addition to the problems this effect produces for phylogenetic inference, it also can confound estimates of diversification rates, divergence times, rates of molecular evolution, and ancestral state reconstruction (Nee et al., 1994; Robinson et al., 1998; Ackerly, 2000; Pybus and Harvey, 2000; Salisbury and Kim, 2001; Pybus et al., 2002) .
Studies investigating the influence of taxon sampling on tree imbalance have primarily surveyed published phylogenies. Mooers (1995) compiled 39 "full" phylogenies (e.g., trees missing no more than one taxon, where the taxa could be species or higher taxonomic groups), each consisting of 8 to 14 terminal taxa. He compared the imbalance of the full trees to the imbalance in a collection of 82 incomplete phylogenies obtained from a study by Heard (1992) . This comparison showed that incomplete trees are more imbalanced than trees comprised of almost all of the members of the group in question. In another study, collected 61 phylogenies of superspecific taxa and showed that tree imbalance is, on average, greater when the terminal taxa are higher level taxonomic units than when they are species. It has been suggested that the change in tree imbalance that results from sparse taxon sampling might be due in part to the nonrandom way in which systematists sample taxa, and that a truly random selection of taxa may not bias tree imbalance (Guyer and Slowinski, 1991; Kirkpatrick and Slatkin, 1993; Mooers, 1995; . Heard and Mooers (2002) , however, used simulated tree topologies to show that random mass extinctions caused an increase in tree imbalance after a period of recovery if the speciation and extinction rates were allowed to vary.
In this study, we investigated the influence of varying levels of random taxon sampling on phylogenetic tree imbalance. We compared the patterns of imbalance found in recently published phylogenies with very low taxon sampling to the expectations of tree imbalance under different branching models and sampling levels. We show that the observed levels of tree imbalance in empirical studies are consistent with the expectations from simulations that include variable and autocorrelated rates of speciation and extinction combined with low levels of taxon sampling.
METHODS

Simulations
We simulated non-ERM trees under a simple model of exponential waiting time for speciation/extinction events with variable lineage-specific speciation and extinction rates. Each tree started with a single root lineage and initial values for speciation and extinction rates. The time to the next event (lineage splitting or extinction) was drawn from an exponential distribution based on the sum of the rates for all extant lineages. The type and location of each event was chosen in proportion to the speciation and extinction rates for each of the extant lineages. When the next event resulted in extinction, the lineage was removed and a new waiting time was drawn. At a speciation event, the parent lineage bifurcated into two daughter lineages. The speciation/extinction rates of each daughter lineage were obtained by multiplying the parent rate by a random number (m). The value of m was drawn from a gamma distribution with a shape parameter (α) and scale parameter (β), where β = α so that E(m)= 1 and the rates were autocorrelated. We then enforced a gamma-distributed prior on speciation and extinction rates to discourage the rates from going to infinity or zero. Therefore, when the rate of a new daughter lineage was drawn, that rate was accepted in proportion to the gamma-distributed prior. The prior distributions on the rates were also assigned shape and scale parameters. These parameters were responsible for regulating much of the rate variation. We show by simulation that increasing the shape parameters results in a decrease in the diversification rate variation and produces more balanced topologies (Fig. 1) . This model is a biologically motivated method for generating variable and autocorrelated speciation/extinction rates.
Trees generated under this model should produce more biologically realistic tree topologies than the ERM or PDA models, because it is an empirical observation that speciation and extinction rates do vary across groups, and these rates are correlated among related species (Dial and Marzluff, 1989; Guyer and Slowinski, 1991; Heard, 1992; Sanderson and Donoghue, 1994; Savolainen et al., 2002; Holman, 2005) . Our model for generating variable speciation/extinction rates is analogous to probabilistic models of the rate of molecular evolution implemented in methods used to estimate divergence times (e.g., Thorne et al., 1998; Huelsenbeck et al., 2000; Kishino et al., 2001 ). SYSTEMATIC BIOLOGY VOL. 57 FIGURE 1. The functional relationship between weighted mean imbalance and ln(node size) for four sets of trees simulated under a range of variance parameters. The parameter, alpha, of the gammadistributed rate prior was changed for each set of simulations to 1, 3, 5, and 10 (for both the speciation rate and extinction rate). Increasing alpha decreases the amount of rate variation and, as a result, it also decreases the amount of nodal imbalance. In the case where alpha = infinity, the tree shapes should be identical to what is expected under the ERM model (equal rates Markov model; dashed line).
The above method for simulating tree topologies was implemented by modifying code from the program Phylo-gen (Rambaut, 2002 ; the modified code is available from the authors). We simulated sets of 500 trees each consisting of 10,000 terminal taxa under a range of parameters for the amount of rate variation. Sets of trees simulated across the range of parameter values showed very similar patterns of imbalance (Fig. 1) . We also generated trees under constant speciation and extinction rates (ERM model) and the proportional-to-distinguishable arrangements (PDA) model.
Empirical Phylogenies
We collected trees from recently published studies of empirical data (online Appendix 1; http://systematicbiology.org). When surveying the literature, we selected trees from studies if their analyses included molecular data and used maximum likelihood, Bayesian, and/or maximum parsimony methods to infer the tree. When a study presented trees estimated using more than one data partition we selected the tree based on the combined analysis. When we encountered more than one study on a particular taxonomic group, we selected the most recently published tree. The trees in our collection of published phylogenies were then pruned of redundant species, and outgroups were removed so as not to increase the tree imbalance but retain the root position. Unlike previous studies using published phylogenies (Mooers, 1995; Holman, 2005) , we only used trees with species as terminal taxa so that we could directly calculate the amount of species-level sampling and avoid subjective aspects of higher level taxonomic grouping. We determined the proportion of taxon sampling based on the number of described species in the group. Our estimates of the proportions of taxon sampling are necessarily dependent on the monophyly of the sampled groups and undiscovered biodiversity, but the overall results do not depend on the exact value of the sampled proportions. We then sorted the empirical phylogenies based on the proportion of taxon sampling and the method used to reconstruct the tree. In this study, we only present the imbalance of phylogenies with sampling densities lower than 10% because our collection of published studies contained relatively few trees with more complete species sampling.
Measure of Imbalance
We calculated the imbalance of simulated and empirical topologies using the imbalance measure first introduced by Fusco and Cronk (1995) and later modified by . Fusco and Cronk (1995) imbalance is calculated for an individual node such that
where for a given node with S extant descendants, B is the number of terminal taxa descended from the larger daughter lineage and m = S/2 (rounded up to the next integer if S is odd). For any node with more than three descendants, I has a maximum value of 1 for a node that is completely imbalanced (B = S -1), and a minimum value of 0 for a node where each daughter lineage has the same number of descendants (or differing by 1 if S is odd). One property of this imbalance measure is that the expected value of I under the ERM model depends on whether S is even or odd . Therefore, introduced a set of weights (w) to calculate an expected weighted mean of I (I w ) so that the measure has an expected value of 0.5 for all node sizes under equal rates:
if S is odd, w = 1, if S is even, and I > 0, w = (S − 1)/S, if S is even, and I = 0, w = 2(S − 1)/S. For a single node, I w is the product of I and w divided by the mean of the node weights across the entire tree . Using these weights, the imbalance for a collection of nodes can also be measured by calculating the weighted mean of I Holman, 2005) .
Unlike many other measures of tree imbalance (for examples see Agapow and Purvis, 2002) , I w does not require fully resolved topologies (because the imbalance at multifurcating nodes is not measured), nor is it dependent on the size of the tree. Additionally, I w can be used to evaluate the imbalance of a collection of trees to assess the relationship between imbalance and node size (Holman, 2005) and compare unique sets of trees to detect differences in macroevolutionary patterns (assuming that there is homogeneity across a set of trees). For each set of trees, the bifurcating nodes with more than three descendants were binned according to the natural log of node size, ln(S) in intervals of 0.5, and the weighted mean imbalance for the nodes in each bin was calculated (see Holman, 2005) . Although this measure of imbalance was developed for complete trees, or phylogenies of higher level taxonomic groups incorporating species richness data, in this study, we use I w to determine the impact of reduced species sampling by comparing the imbalance of complete trees with that of incomplete trees.
RESULTS AND DISCUSSION
The Effect of Node Size on Tree Imbalance
The nodal weighted mean imbalance for the empirical trees is summarized in Fig. 2 . We observed a pattern of imbalance in empirical trees similar to that reported by Holman (2005) , with imbalance increasing as node size increases. A recent study by McPeek and Brown (2007) offers a plausible biological explanation for this positive correlation between node size and imbalance. They observed that clade size increases with clade age; therefore, larger nodes are typically older nodes and their descendant lineages have had more time to experience the pressures that may cause shifts in diversification rates. This implies that there is also a positive association between node age and imbalance. For nodes with fewer than 140 descendants, we did not detect a significant difference in the pattern of imbalance between trees reconstructed under maximum parsimony versus those reconstructed using parametric methods (Fig. 2) . Although there appear to be somewhat greater differences in the imbalance at larger nodes, these differences are largely attributable to the smaller number of observations in those categories. Therefore, we combined the trees into a single set of empirical phylogenies for our subsequent analyses. When combining the trees, if a single paper presented both a parsimony tree and a maximum likelihood or Bayesian tree, we selected the tree at random. This combined collection of trees consisted of 77 parsimony trees and 78 maximum likelihood/Bayesian trees. Figure 3 shows the weighted mean imbalance of our combined collection of empirical trees and a set of trees simulated under our model of varying speciation and extinction rates (where α = 2 for the gamma-distributed rate priors for both speciation and extinction rates). We also show the imbalance expected under the ERM and PDA models. Although we used a different collection of empirical trees than used in previous studies Holman, 2005; Blum and François, 2006) , our results are similar to those found by Holman (2005) and Blum and François (2006) . Specifically, the PDA and ERM models do not adequately represent the imbalance found in empirical phylogenies (Fig. 3) . The trees simulated under our model of speciation and extinction rate variation, however, have nodal imbalance that is more representative of empirical phylogenies than the ERM model and are much less imbalanced than trees generated under the PDA model. As with the empirical observations of McPeek and Brown (2007) , trees generated under our model show a positive association between FIGURE 3. The nodal imbalance for the combined collection of empirical trees (triangles; 157 total trees) and the collection of trees simulated under varying rates of speciation and extinction (circles). The upper dotted line represents the imbalance expected for trees generated under the PDA model (proportional-to-distinguishable arrangements model) and the dashed line at 0.5 indicates the imbalance expected under the ERM model. 
The Effect of Reduced Taxon Sampling on Tree Imbalance
Unlike some of the previous surveys of tree imbalance (Mooers, 1995; Holman, 2005) , our collection of empirical trees all had low percentages of sampled taxa because we treated the tips as individual species instead of considering higher taxonomic rank with species richness information. The empirical trees presented in this study all had less than 10% of the described species represented in the phylogeny (with a median of ∼2%). When we randomly pruned taxa from the trees simulated with variable and autocorrelated speciation/extinction rates, we observed an increase in nodal imbalance and a very good approximation of the imbalance found in the empirical trees (Fig. 4) . In contrast, we show that for trees simulated under the ERM and PDA models, random taxon sampling does not alter the functional relationship between imbalance and node size (Fig. 5) . This result was also demonstrated by Heard and Mooers (2002) , who showed that random mass extinctions of ERM topologies did not affect tree imbalance after a period of recovery under constant diversification rates.
We randomly pruned 50% of the taxa from trees in our combined set of empirical phylogenies to determine whether or not an additional reduction in taxon sampling would increase the imbalance in empirical phylogenies (Fig. 6) . The results shown in Fig. 6 are from 100 replicates of randomized pruning and suggest that, on average, random reduced taxon sampling does indeed increase the imbalance in these trees.
Our results indicate that incomplete taxon sampling in the presence of diversification rate variation may be sufficient to explain much of the imbalance observed FIGURE 4. Weighted mean imbalance for empirical trees (dotted line/triangles) and trees simulated under varying rates with different levels of taxon sampling (solid line/circles). The simulated trees were reduced to 3% and 1% taxon sampling. The dashed line at 0.5 indicates the imbalance expected for trees generated under the ERM model. FIGURE 5. Weighted mean imbalance as a function of the natural log of the node size for trees simulated under the PDA model (black), the ERM model (black), and variable rates model (gray). The sets of trees with 100% taxon sampling are indicated by dashed lines. Sets of trees with 3% taxon sampling are represented by the solid lines. These simulations indicate that random taxon sampling of trees generated either by the PDA model or the ERM model does not result in a change in the relationship between imbalance and node size, whereas there is a strong taxon-sampling effect for the variable rates model. in our collection of empirical trees, because as species are removed from a phylogeny, the apparent variation in the rates of diversification is increased. Our simulations show that older nodes are, on average, more imbalanced than younger nodes. Therefore, pruning taxa from these trees results in an increase in the average age of the internal nodes and, additionally, removal of terminal branches increases the average imbalance for nodes of a given size. However, it remains unclear exactly how FIGURE 6. The weighted mean imbalance of empirical trees with reduced taxon sampling. The imbalance of the published phylogenies without a reduction in taxon sampling is represented by the solid line. The dotted line indicates the same set of trees with a 50% reduction in taxa averaged over 100 replicates with standard error bars. The dashed line at 0.5 indicates the imbalance expected under the ERM model. much reduced taxon sampling biases tree imbalance. The published phylogenies used in this study most likely do not contain random samples of taxa, so it is difficult to determine the relative influence of biased taxon sampling versus random sampling on tree imbalance. Because so many factors influence whether or not a species is included, it is difficult to emulate the way in which systematists sample taxa. Using a simple model of biased taxon sampling, however, Mooers (1995) was able to show that nonrandom exclusion of terminal lineages can increase the imbalance of ERM trees. More investigation into the impact of biased taxon omission on phylogenetic tree shape and tree reconstruction is required.
When incomplete species sampling is taken into account, the model for varying speciation and extinction rates presented in this paper is a better representation of the tree shapes observed in published phylogenies than the ERM model or the PDA model. However, it is a parametric, stochastic model and not based on detailed biological processes. Our model does not attempt to capture all of the biological and environmental factors by which diversification rates vary over the course of evolution. Although the specific values of parameters in our model can be adjusted to produce varying levels of tree imbalance (Fig. 1) , the general conclusions of our simulations remain consistent across a wide range of parameter values. Our simulations demonstrate that it is important to consider the interaction between diversification rate variation and reduced taxon sampling when assessing the shapes of empirical phylogenies (Fig. 4) . Inferences of macroevolutionary processes based on incomplete phylogenies should be interpreted with caution and, when available, information on species diversity should be included in the calculation of I w (Fusco and Cronk, 1995) . This may result in a less biased estimate of tree imbalance even without relatively complete taxon sampling.
CONCLUSIONS
Variation in the relative rates of speciation and extinction produces tree topologies with greater imbalance than trees generated under the equal rates model (Fig. 3) . Removal of taxa from trees generated under variable and autocorrelated rates results in a disproportionate representation of older divergences and increases the apparent variation in diversification rates among the lineages on the tree. Consequently, reduced taxon sampling causes an increase in tree imbalance (Fig. 4) , which, in turn, may mislead analyses using tree shape to detect shifts in diversification rates.
It is also important to note that there are other nonbiological factors that can contribute to imbalance in empirical phylogenies. Methods of phylogenetic reconstruction have been shown to be biased toward imbalanced trees (Huelsenbeck and Kirkpatrick, 1996) , at least for trees of few taxa. Additionally, incorrect rooting of the tree can result in a more imbalanced topology. These factors may make it very difficult to tease apart the biological processes that contribute to tree imbalance.
It will be important to understand and account for these nonbiological contributors to tree imbalance if tree shape is to be used to study large-scale patterns of diversification. However, it is clear that in addition to producing more accurate estimates of phylogenetic relationships, increased taxon sampling also improves inferences about macroevolutionary events based on phylogenetic tree shape. As more complex and realistic models of diversification rate variation are developed, we will improve our understanding of the macroevolutionary forces that shape the Tree of Life. In addition, as phylogenetic reconstruction programs become capable of handling larger data sets (e.g., Stamatakis, 2006; Zwickl, 2006) , models of complex branching processes can be used to generate model tree topologies for largescale simulation studies on these new algorithms.
